Endometriosis (ENDO) is a disorder in which vascularized growths of endometrial tissue occur outside the uterus. Its symptoms include reduced fertility and severe pelvic pain. Mechanisms that maintain the ectopic growths and evoke symptoms are poorly understood. One factor not yet considered is that the ectopic growths develop their own innervation. Here, we tested the hypothesis that the growths develop both an autonomic and a sensory innervation. We used a rat model of surgically induced ENDO whose growths mimic those in women. Furthermore, similar to women with ENDO, such rats exhibit reduced fertility and increased pelvic nociception. The ENDO was induced by autotransplanting, on mesenteric cascade arteries, small pieces of uterus that formed vascularized cysts. The cysts and healthy uterus were harvested from proestrous rats and immunostained using the pan-neuronal marker PGP9.5 and specific markers for calcitonin gene-related peptide (CGRP) (sensory C and A␦ fibers), substance P (SP) (sensory C and A␦ fibers) and vesicular monoamine transporter (sympathetic fibers). Cysts (like the uterus) were robustly innervated, with many PGP9.5-stained neurites accompanying blood vessels and extending into nearby luminal epithelial layers. CGRP-, SP-, and vesicular monoamine transporter-immunostained neurites also were observed, with CGRP and SP neurites extending the furthest into the cyst lining. These results demonstrate that ectopic endometrial growths develop an autonomic and sensory innervation. This innervation could contribute not only to symptoms associated with ENDO but also to maintenance of the ectopic growths.
ndometriosis (ENDO) is a disorder in which viable growths of endometrial tissue occur outside the uterus, usually in the abdominal͞pelvic cavity. Its symptoms include reduced fertility and severe pelvic pains such as dysmenorrhea, dyspareunia, dyschesia, and chronic pelvic pain (1) . Considerable research interest centers on how ectopic endometrial growths in women implant and are maintained. Most researchers agree that the source of viable ectopic endometrial tissue is eutopic uterine tissue that escapes into the abdominal-pelvic cavity via retrograde menstruation (1) . Current studies have therefore focused on molecular interactions between presumed strayed and possibly abnormal endometrial cells and their potential targets on organs or peritoneal tissue (1) . Other studies concern mechanisms underlying the symptoms associated with ENDO. Regarding pain, most studies logically focus on ectopic growths. Although some investigations failed to find a correlation between pain scores and various aspects of the anatomy and biochemistry of the growths (1, 2), others found consistent correlations between pain and the depth of ''infiltration'' into peritoneum and pelvic organs or with substances that the growths or neighboring tissues release into peritoneal fluid (3, 4) . Unfortunately, despite this research, a clear understanding of the mechanisms underlying development and maintenance of the ectopic growths and their associated symptoms remains elusive (1).
One potential contributor that has received virtually no attention is direct involvement of the nervous system. This omission is surprising, because ectopic growths could be conceptualized as vascularized autotransplants (4) . It is well known that as organ or tissue transplants become vascularized, they become innervated, presumably via sprouting of para-and perivascular nerve fibers (5) . Only two studies, both using human tissue, considered neural involvement in ENDO. One used a neurofilament marker and reported that the distance between nerve fibers and the ectopic endometrial growths tended to be less in women with pelvic pain than in those with no pain (6) . Another group used S-100 protein as a marker for nerve fibers to compare samples of deeply infiltrating adenomyotic endometrial growths with other growths. The percentage of patients complaining of pain was greater in women with adenomyotic growths than other growths, and the adenomyotic growths were more likely to infiltrate nerves (7) . No study, however, has investigated whether the ectopic growths develop their own nerve supply.
A rat model of surgically induced ENDO was developed in 1985 that involves autotransplantation of biopsies of uterus, or fat in controls, in the abdomen (ref. 8 and Fig. 1A ). The uterine, but not fat, transplants become vascularized and form cysts that grow rapidly during the first month, stabilizing by 2 months and remaining viable for Ͼ10 months (8) . Like women with ENDO, rats with cysts (but not the controls) display reduced fertility (8) . They also display one of the symptoms of increased pelvic pain in women, that is, vaginal hyperalgesia (9) . Furthermore, the ectopic cysts in rats bear clear similarities to human ectopic endometriotic growths. Specifically, the cysts in rats and the growths in women respond similarly to steroids, and the cysts synthesize or induce synthesis by cultured peritoneal cells of many of the same abnormal substances found in the ectopic endometrial growths and peritoneal fluid of women with ENDO (10). This rat model, therefore, seems suitable for investigating new ideas concerning mechanisms underlying signs and symptoms of ENDO (9, 10) . Accordingly, here we tested the hypothesis that the cysts in this rat model develop their own nerve supply and then determined whether that supply included both sensory and sympathetic efferent fibers.
Materials and Methods
Animals. Adult female Sprague-Dawley rats (Charles River Breeding Laboratories) were used. They were housed individually, with ad libitum access to rat chow and water, and maintained under controlled conditions (24°C, 12:12 light/dark cycle with lights on at 7:00 a.m.). The estrous stage was monitored daily by vaginal lavage 2 h after lights on, beginning at least 2 weeks before surgery and continuing until the day of death. Only rats with regular 4-day cycles both before and after surgery were used. Rats weighed Ϸ225 g at the time of the ENDO surgery and Ϸ300 g when the cysts were harvested.
Surgical Procedures (ENDO).
Surgery was done under aseptic precautions. Rats in estrus were anesthetized with a mixture of ketamine hydrochloride and xylazine (73 mg͞kg and 8.8 mg͞kg, respectively, i.p.). A midline abdominal incision exposed the uterus, and a 1-cm segment of the middle of the left uterine horn was removed and placed in warm sterile saline. Four pieces of uterine horn (Ϸ2 ϫ 2 mm) were cut from this segment and sewn, using 4.0 nylon sutures, around alternate cascade mesenteric arteries that supply the caudal small intestine, starting from the caecum (Fig. 1 A) . The incision was closed in layers, and the rat allowed to recover from anesthesia under close observation. Postoperative recovery was uneventful, and regular estrous cyclicity resumed within Ϸ1 week. All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 86-23), revised in 1985. During all experiments, efforts were made to minimize both the animal's suffering and the number of rats used.
Tissue Harvesting and Immunohistochemistry. Rats were killed when cysts were known to be fully grown (Ϸ7.5 weeks postsurgery; ref. 8) , when they were in proestrus, the estrous stage in which ovarian hormonal levels are highest and the severity of vaginal hyperalgesia is greatest (9) . They were anesthetized with urethane (1.2 g͞kg, i.p.) and perfused transcardially first with saline then with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. The cysts and a 1-cm section of the middle of the healthy right uterine horn (i.e., the same area that had been taken from left uterine horn and used for the transplants) were harvested and stored in the fixative solution.
Samples were cryoprotected in 30% sucrose in 0.1 M phosphate buffer, frozen, serially sectioned on a cryostat (50 m thick for PGP9.5, 16 m thick for the other markers), and thaw mounted on glass slides. They were then immunostained using antibodies for the pan neuronal marker PGP9.5, vesicular monoamine transporter (VMAT) as a marker for sympathetic efferent fibers, and calcitonin gene-related peptide (CGRP) and substance P (SP) as markers for C and A␦ sensory fibers (11, 12) by standard techniques used routinely in our laboratories. Briefly, sections of cysts were incubated for 16-24 h at room temperature with primary antibodies: rabbit antibodies generated against PGP9.5 (dilution 1:6,000; Chemicon), CGRP (dilution 1:800; gift of Cary Cooper, University of Texas Medical Branch, Galveston), VMAT2 (dilution 1:800; Chemicon), and a guinea pig-generated antibody against SP (dilution 1:800; gift of Catia Sternini, Center for Ulcer Research and Education, University of California, Los Angeles). Sections were washed in PBS, incubated in a mixture of appropriate secondary antibodies labeled with Cy2-conjugated goat anti-rabbit IgG for PGP9.5 for 6 h (dilution 1:200; Jackson ImmunoResearch) or Alexa 488 for 1 h (all other markers, Molecular Probes) and mounted in PBS/glycerol. The SP and CGRP antibodies are well characterized (13) (14) (15) and have been used extensively in our previous studies. CGRP and SP are generally considered to be specific markers for C and A␦ sensory fibers (11, 12) . In contrast, VMAT2 is expressed in monoamine-containing neurons and fibers, including sympathetic nerves (16) , and the antibody produces immunostaining similar to that produced by other markers for sympathetic nerves (e.g., tyrosine hydroxylase; ref. 15) . Controls included omission of the primary antiserum, omission of the secondary antibody, and absorption of the primary antiserum with its respective antigen (10 g͞ml diluted antiserum).
Images of sections immunostained for PGP9.5 were obtained digitally with an Optronics Microfire (Optronics International, Chelmsford, MA) camera and a MicroBrightField͞Neurolucida system (MBF Laboratories, Williston, VT) with epifluorescence microscopy and fluorescein optics. Images of sections immunostained for SP, CGRP, and VMAT were obtained with an Olympus Fluoview Confocal laser-scanning microscope and with an Olympus Provis Microscope using epifluorescence microscopy. Images (digital and electronic) were imported into PHO-TOSHOP V.6.0 (Adobe Systems, San Jose, CA), contrast and brightness adjusted if necessary, labeled, and printed.
Results

General.
As observed by others (8 -10) , the ectopic growths were embedded in a large amount of fat and connective tissue. When dissected free, the growths grossly appeared as oval f luid-filled cysts, 3-10 mm in their largest diameter, each still attached to the blood vessel to which it had been sewn (Fig.  1 A) . When removed and sectioned, the cysts exhibited a lumen filled with leukocytes, lymphocytes, and plasma cells and encapsulated by a narrow wall of tissue consisting of an epithelium, endometrial-like stroma, smooth muscle, and adventitial-like connective tissue (Fig. 1B ). An anchoring hilus area had developed where the vasculature and nerve supply entered͞exited the cyst (Fig. 1 B-D) .
PGP9.5.
As shown by this pan neuronal marker, cysts were robustly innervated, with many neurites accompanying blood vessels as they entered the cyst at the hilus (Fig. 1 B-D) . The neurites extended from the anchoring hilus into the nearby stromal and muscular layers (Fig. 1D) and eventually reached the luminal layers (Fig. 1 D and E) , a pattern that mimics innervation of the eutopic uterus (13, 15, 17, 18) . Moreover, neurites extended from the hilus, largely appearing to follow the course of the vasculature around the wall of the cyst.
Markers for Specific Classes of Neurites.
Immunostaining for CGRP and SP was used to identify sensory neurites, whereas VMAT immunostaining was indicative of monoamine-containing sympathetic efferent neurites. As expected (13, 15, 17, 18) , both types of fibers were observed in the eutopic uterus and mimicked the pattern observed using PGP9.5 in the control uterus samples (e.g., Fig. 2A ).
Sensory and sympathetic efferent fibers also were observed in the ectopic cysts obtained from the same rats. As in eutopic uterus, their distribution pattern mimicked that observed for PGP9.5-stained neurites (Figs. 2 and 3) ; i.e., neurites were densest in the region where the cyst surrounded the blood vessel to which it was sutured (hilus; Fig. 1 B and C) . Both types of fibers coursed with blood vessels through the cyst wall (Figs. 2D  and 3A) , and then small bundles and individual fibers extended into the myometrium (Fig. 2 B and D) and eventually to the endometrial stroma (Figs. 2 C and D and 3A) . Some fibers, particularly sensory fibers expressing CGRP (Figs. 2C and 3C ) and SP (Fig. 3B) , extended small bundles and individual neurites further into the endometrial layer and even into the epithelium lining the lumen. Many of the neurites that penetrated among the epithelial cells were single varicose fibers that had the same appearance as terminal sensory receptive structures found in other hollow organs such as the bladder urothelium (19, 20) .
Discussion
These findings demonstrate that the autotransplanted ectopic endometrial growths in a rat model of ENDO develop their own robust innervation whose appearance is similar to that of the healthy uterus (13, 15, 17, 18) . Furthermore, as shown by the specific markers for VMAT, CGRP, and SP, the fully grown cysts were innervated by both sympathetic efferent and sensory C and A␦ fibers. These findings are similar to those of auto-or syngeneic transplants of other organs and tissues in experimental animals. For example, sympathetic efferent reinnervation is commonly observed in transplants of the parathyroid gland (21), pancreatico-duodenum (22) , lung (23), heart (24), and adrenal gland (25) . Sensory innervation, although not studied as often, is also observed, for example in transplants of lung (26, 27) and heart (28) . Sensory innervation is sometimes sparse, for example in transplants of the parathyroid and adrenal glands (21, 25) , and may relate to the site of implantation as noted by Korsgren et al. (29) , who found that the extent of sensory reinnervation of pancreatic islet cells was markedly different for implants in the spleen, liver, or renal subcapsule.
The observation here that the densest innervation was adjacent to blood vessels in the hilus of the fully grown cysts and that neurites appeared to follow blood vessels and extend into myometrial and epithelial layers suggests that the developing innervation occurs via sprouting of peri-and paravascular fibers that accompany the blood vessels that vascularize the growths. A similar process seems to occur with transplantation of other organs in experimental animals. For example, in studies on rats in which the parathyroid gland was autotransplanted into the renal subcapsular space, it was observed that the graft was reinnervated beginning within 1 week posttransplant mainly by sympathetic fibers located primarily around blood vessels (21) . Similarly, studies in pigs have shown that the vascularization and reinnervation of skin grafts are coordinated (5) . It is likely that growth factors are involved in the coordinated reinnervation and vascularization of transplants (30, 31) and may contribute to innervation of the ectopic endometrial growths. Thus, of relevance to ENDO in women, Anaf et al. (7) found that nerve growth factor expression was greater in deeply infiltrating adenomyotic endometrial nodules when compared with other ectopic endometrial growths and that these nodules were located closer to nerve fibers.
Regardless of the mechanisms by which the cysts become innervated, the demonstration of a robust sensory innervation by C fibers raises the distinct possibility that this innervation contributes to both the vaginal hyperalgesia and the reduced fertility that occur in this rat model (9, 10) , probably via central effects, as follows. The cysts are known to contain proinflammatory cytokines, prostaglandins, and other neuroactive agents (8, 10) that could readily activate the CGRP-and SP-positive C-fiber nociceptive afferents (32, 33) found here to be located in the cyst's epithelium. Although the route by which the information conveyed by these activated fibers enters the CNS is not yet known, given the location of the cysts in the upper abdomen, it is most likely that this route will be found to include the splanchnic nerve, with fibers traveling in the superior mesenteric, inferior mesenteric, and celiac ganglia to the lower thoracic͞upper lumbar segments (9, 11) . Such activated input to the spinal cord could then influence the sensitivity of neurons in the lower lumbar and upper sacral segments that receive vaginal input (9, 11, 33) via the extensive communication known to exist between the two sets of segments (34), a process which has been called viscero-visceral referred hyperalgesia (35) . Such actions within the caudal spinal cord could then influence activity in brain regions associated with vaginal nociception (36, 37) as well as with reproduction (38) .
It is also possible that this innervation contributes to the growth and maintenance of the cysts themselves. Studies of transplanted tissues indicate that their reinnervation, particularly by sympathetic fibers, can be important not only for better functioning of transplanted tissues but also their survival (5, 31, 39, 40) . Furthermore, the fact that the sensory fibers expressing SP and CGRP are anatomically intimate with the vasculature of the cyst wall and extend terminals among the epithelial cells lining the cyst lumen suggests they have both sensory and efferent functions. For example, SP and CGRP can be released from sensory fibers in an ''efferent fashion'' (41, 42) , and both are potent vasoactive substances (43) . Thus, they could play a role, along with sympathetic nerves, in regulating the vasculature of the cyst. Finally, there is evidence that both SP and CGRP have mitogenic effects on endothelial and Schwann cells (44, 45) .
The rat model we used here recreates some of the signs and symptoms exhibited by women with ENDO (8 -10). There are obviously, however, clear differences between this model and ENDO in women (10) . For example, we do not yet know whether the rats exhibit chronic pelvic pain symptoms other than vaginal hyperalgesia. Nevertheless, our results raise the important possibility that ectopic growths in women become innervated in association with their vascularization (46) . As discussed above, symptoms of ENDO, particularly pain, are notoriously wide-ranging and are not clearly related to characteristics of the endometrial growths (2, 3) . It is therefore possible that if at least some growths in women become innervated, then variations in the characteristics of this innervation, such as the type and density of afferent fibers, may be the more important variable. Such afferent and efferent innervation could also contribute to maintenance of the growths, and thus, like emerging treatments aimed at reducing vascularization of ectopic endometrial growths (47, 48) , represent additional new avenues for treatment.
